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INTRODUCTION

The estrogen receptor (ER) has been implicated in the progression of breast cancer. About 60-
70% of breast tumors are ER positive at presentation. Antiestrogens and selective estrogen
receptor modulators (SERMSs) are effective in controlling the progression of ER-positive breast
tumors to more invasive phenotypes. However, many patients with metastatic breast tumors
eventually develop resistance to antiestrogens and SERMs. Several mechanisms have been
proposed for resistance to hormonal therapy, including expression of variant or mutant ER,
ligand-independent activation of ER, adaptation of tumors to lower concentrations of estrogen,
and pharmacological alterations. Emerging data also 'suggest that ER coregulators might play a
role in hormonal responsiveness and tumor progression. ER, a ligand-dependent transcription
factor, modulates transcription of a number of genes and contributes to genomic responses.
Recent studies suggest that in addition to its well- studied nuclear functions, ER participates in
cytoplasmic and membrane-mediated signaling events (nongenomic signaling). Nongenomic
signaling has been linked to the generation of rapid responses to estrogen and generally
involves stimulation of the Src, MAPK, PI3K and PKC pathways in the cytosol Proline-, glutamic
acid-, and leucine-rich protein-1 (PELP1)," also known as modulator of nongenomic activity of
estrogen receptor (MNAR) %? is a novel ER coregulator that has been implicated in both
genomic activity of ER via histone interactions* and nongenomic functions of ER via activation
of Src/MAPK pathways. Although PELP1 is predominantly localized in the nucleus in hormonally
responsive tissues*, recent studies suggest that under certain conditions, PELP1 could be
exclusively localized in the cytoplasm of a subset of cancer cells®. In this study we examined
the hypothesis that altered localization of PELP1 may contribute to the hormonal
independence and tamoxifen resistance via excessive activation of nongenomic
signaling pathways.
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BODY

The scope of this proposal is to undertake the following two tasks outlined in the approved
statement of work

Task1. Generation of MCF-7 model cells

Task2. Testing and characterization of model cells for hormonal responsiveness

Task 1. Generation of MCF-7 model cells expressing PELP1-cyto mutant: To examine the

functional consequences of cytplasmic localization of ER coactivator PELP1, we generated a
mutant of PELP1 (PELP1-cyto) in which the nuclear localization signal was mutated from KKLK
to EELE. Using this construct, we generated MCF-7 cells stably expressing PELP1-cyto
mutant. To avoid potential clonal variations, we developed two pooled clones. Western blotting
showed expression of T7-tagged-PELP1-cyto mutant in these clones . As a control, we have
used an earlier characterized wild type PELP1 (PELP1-WT) pooled clone. Confocal scanning
analysis showed that PELP1-cyto mutant was localized to the cytoplasm while PELP1-WT was
localized to the nucleus.
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Figure 1. Generation of PELP1-breast cancer model cells. A, Schematic representation of PELP1-cyto
construct. B, Total cellular lysates were obtained from MCF-7 cells or MCF-7 clones stably expressing
pcDNA, PELP1-WT, and PELP1-cyto and expression of T7-tagged PELP1 was analyzed by Western
blotting using anti-T7-epitope monoclonal antibody (T7-mAb). Vinculin was used as a loading control. C,
MCF-7 cells expressing PELP1-WT or PELP1-cyto were cultured in DCC medium, and fixed in methanol,
and the localization T7-tagged PELP1 in these clones was analyzed by confocal microscopy using T7 mAb.

Task 2. Testing and characterization of PELP1-cyto model cells for hormonal
responsiveness : Since earlier studies have shown that PELP1 interacts with Src kinase, we
examined whether altered localization of PELP1 to the cytoplasmic compartment promotes
PELPI interaction with Src. Results from confocal analysis suggested that a substantial amount
of PELP1 was localized in the nuclear compartment in PELP1-WT-expressing cells and that E2

treatment stimulated colocalization of PELP1 with Src at the membrane in some cells (Fig. 24,
5




top panels). In contrast, in PELP1-cyto-expressing cells, E2 freatment promoted substantial
colocalization of PELP1-cyto with Src both at the membrane and in the cytoplasm (Fig. 24,
bottom panels). Since PELP1 interaction with Src has been shown to promote Src activation,
these findings raised the possibility that cytoplasmic localization of PELP1 might provide an
opportunity for PELP1 to interact with Src, leading to enhanced Src kinase activation. To
confirm that PELP1-cyto mutant indeed interact with Src kinase, immunoprecipitation was
performed using total cellular lysates from pcDNA and PELP1-cyto mutant expressing cells.
Results showed that PELP1-cyto interacts with Src kinase (Fig. 2B). To confirm that
overexpression of PELP1-cyto activates Src kinase, we have used western blotting with phospho
specific antibody (phospho-Src Tyr 416) which recognizes activated Src kinase. PELP1-cyto
expressing cells showed increased activation of Src kinase compared to pcDNA expressing

clones (Fig. 2C, right panel). These results suggest that PELP1 cytolocalization promotes its

interactions with Src kinase.

Merge Merge Src PELP1
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Fig. 2. PELP1 Cytoplasmic Retention Promotes PELP1-Src kinase Interaction and MAPK
Activation. A, PELP1-WT and PELP1-cyto cells were treated with or without E2 (10-9 M) for 10 min
and the colocalization of PELP1 {red) and Src (green) was analyzed by confocal microscopy. B,
PELP1-cyto interacts and activates Src kinase.

Cytoplasmic Retention of PELP1 Promotes Activation of MAPK Pathway. We next
examined whether the PELP1 localization with Src observed in the PELP1-cyto clones led to
functional activation of MAPK, a well-established downstream endpoint of ER nongenomic
signalin. When these clones were cultured in DCC serum, PELP1-cyto-expressing clones
exhibited increased basal MAPK activity compared to pcDNA-vector-overexpressing clones, and
E2 treatment substantially enhanced MAPK activation in PELP1-cyto clones (Fig. 34). PELP1-
cyto expressing cells also showed increased MAPK activity upon tamoxifen treatment compared
to pcDNA-expressing clones (Fig. 3B). To confirm that the increased MAPK activation seen in
PELP1-cyto clones is due to PELP1-cyto interactions with Src kinase, we have used a specific

Src kinase inhibitor PP2. Pretreatment of cells with Src kinase inhibitor PP2 reduced the basal as




well as E2 induced MAPK activation seen in the PELP1-cyto clones (Fig. 3C). These results
suggest that PELP1 cytoplasmic localization enhances MAPK activation via its interactions with
Src kinase. Since MAPK activation has been shown to phosphorylate ER on Ser-118, we next
examined whether ER was phosphorylated on ER-Ser 118 in the PELP1-cyto clones. Western
analysis of cells grown in 5% serum, revealed that PELP1 cyto expressing clones have increased

ER-Ser118 phosphorylation compared to pcDNA expressing clones (Fig. 3D).
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Fig 3. PELP1 Cytoplamic Retention Promotes MAPK activation. A,B, pcDNA or PELP1-cyto were treated with E2
(1-9 M) or tamoxifen (10-8 M), and total lysates were subjected to Western blotting by using a phospho-MAPK
antibody. C, pcDNA and PELP1-cyto clones were pretreated with Src kinase inhibitor PP2 for 30 min before the
addition of E2 (10-9 M). Activation status of MAPK pathway was analyzed by Western biotting. D, MCF-7 clones

expressing pcDNA and PELP1-cyto were cultured in 5% serum, and total lysates were subjected to Western blotting
using phospho-ER Ser118.

Cytoplasmic Retention of PELP1 Promotes Constitutive Activation of AKT Pathway. Since
activation of PI3K is another recognized nongenomic signaling of ER, we next examined the
functionality of PI3K signaling in PELP1-cyto clones using phospho-AKT as a downstream
marker of this pathway. Interestingly, PELP1-cyto clones showed excessive constitutive
activation of the AKT pathway, which could not be further induced by E2 treatment (Fig. 44).
Because the AKT pathway has also been shown to promote tamoxifen resistance, we next
examined the status of the AKT pathways in PELP1-cyto clones after treating them with
tamoxifen. PELP1-cyto expressing cells showed increased AKT activity compared to pcDNA-
expressing clones (Fig. 4B) and the status of already elevated levels of AKT in PELP1-cyto
clones was not affected by tamoxifen treatment. Our finding that PELP1-cyto clones exhibit
significant constitutive stimulation of the AKT pathway even in the absence of E2 treatment
raised the possibility that PELP1 activation of the AKT pathway may be independent of PELP1’s
ability to interact with ER. To examine this possibility, we treated pcDNA and PELP1-cyto
clones with ICI 182,780 for three days to downregulate ER expression and activity. The ICI
182,780 treatment did not affect the levels of constitutive AKT stimulation observed in the
PELP1-cyto clones (Fig. 4C) suggesting the increased activation seen in the PELP-cyto clones is
independent of ER. We then examined the possibility that increased AKT was due to activation
of PI3K, an upstream activator of AKT. Treatment of PELP1-cyto clones with LY294002, a
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widely used inhibitor of PI3K, blocked the constitutive activation of AKT (Fig. 4D). These
findings suggested that cytoplasmic localization of PELP1 might contribute towards the
observed enhanced AKT signaling by activating PI3K. We next examined whether PELP1
directly interacts with the p85 subunit of PI3K and whether the observed altered PELP1
localization facilitates constitutive interaction of PI3K. Immunoprecipitation of pcDNA, and
PELP1-cyto lysates with p85 and T7-antibody showed that PELP1-cyto interacted with the p85
subunit of PI3K (Fig. 4F). Immunoprecipitation and in vitro PI-3 kinase assay also confirmed
the noted constitutive activation of the PI3K pathway in the PELP1-cyto clones (Fig. 4F).
Western analysis of PELP1WT clones also revealed mild activation of AKT however is
significantly lower than the magnitude of AKT activation seen in PELP1-cyto clones (Fig. 4G).
Since AKT activation has been shown to phosphorylate ER on Ser-167, we next examined
whether ER was phosphorylated in the PELP1-cyto clones. Western blotting using
phosphospecific antibody recognizing ER Ser-167 confirmed that, ER was constitutively
phosphorylated on Ser-167 in PELP1-cyto clones (Fig. 4H). Collectively, these findings
suggested that cytoplasmic localization of PELP1 promotes constitutive activation of the PI3K-

AKT pathway which can phosphorylate ER.
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Fig. 4 PELP1 Cytoplasmic Retention Promotes PELP1-p85 Interaction and Constitutive AKT Activation.
A, B, pcDNA or PELP1-cyto clones were treated with E2 (10-9 M) or tamoxifen (10-8 M), and total lysates were
subjected to Western blotting by using a phospho-AKT antibody. C, pcDNA and PELP1-cyto clones were
treated with or without ICI 182, 780 for 3 days, and total lysates were Western blotted with a phospho-AKT
antibody. D, pcDNA and PELP1-cyto clones were freated with or without LY294002 for 60 min, and the total
cell lysates were immunoblotted with phospho-AKT antibody. £, pcDNA, and PELP1-cyto cells were cultured in
5% DCC serum, and total cell lysates (2 mg) were subjected to immunoprecipitation by using an antibody that
recognizes the p85 subunit of PI3K (top panel), or T7 mAb (bottom panel), which recognizes T7-tagged PELP1.
F, pcDNA, PELP1-WT, and PELP1-cyto clones were cultured in 5% DCC serum, and total lysates were
subjected to immunoprecipitation using anti-tyrosine mAb PY-20 followed by in vitro PI3K assay. G, Total
lysates from pcDNA, PELP1-WT, PELP1-cyto clones were subjected to Western blotting using phospho-AKT.
H, total lysates from pcDNA or PELP1-cyto clones were subjected to Western blotting using phospho-ER Ser-
167 antibody and reprobed with total ER as the loading control.
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PELP1 Cytoplasm Retention Promotes Hormonal Independence. To examine the effect of
cytoplasmic localization of PELP1 on biological functions, we performed cell proliferation and
anchorage independence assays. PELP1-cyto-expressing clones were hypersensitive to E2
treatment compared to parental MCF-7 or pcDNA-vector-expressing clones (Fig. 54). Further,
PELP1-cyto clones showed an increased ability to form colonies in an anchorage-independent
manner compared to pcDNA-expressing cells (Fig. 5B). Since AKT activation has been shown
to promote tamoxifen partial agonist action in breast cancer cells, we repeated these biological
assays in the presence or absence of tamoxifen for 7 days. MCF-7 parental and pcDNA-
expressing clones showed a 50% reduction in cell number. Interestingly, PELP1-cyto-
expressing clones showed resistance to tamoxifen treatment, and the cell number was not altered
(Fig. 5C). In anchorage independence assays, PELP1-cyto-expressing cells exhibited an
increased ability to form colonies in the presence of tamoxifen compared to parental or pcDNA
clones (Fig. 5D). These findings suggest a close relationship between PELP1 cytoplasmic

localization promotes hormonal resistance possibly by excessively activating MAPK and AKT

signaling pathways.
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KEY RESEARCH ACCOMPLISHMENTS
o Altered localization of PELP1 promotes resistance to hormonal therapy
o Altered localization of PELP1 promotes excessive activation of MAPK and AKT

¢ PELP1 can directly interact and activate PI3K-AKT pathway

REPORTABLE OUTCOMES
This study has resulted in the following publications

Balasenthil S, Broaddus, R, Kumar R, Gustafsson, J-A, and Vadlamudi R,K. Potential
involvement of PELP1/MNAR in tamoxifen resistance. Breast Cancer Research and
Treatment. 82, supplement 1, abstract 27, 2003.

Vadlamudi, R.K., Manavathi, R., Balasenthil, S., Yang, Z., Sahin, A.Y], and Kumar, R. Altered
Localization of PELP1 Promotes Estrogen Hypersensitivity, and Tamoxifen resistance. In review
Cancer Research, 2005 (revised and resubmitted on 05/15/05).

CONCLUSIONS

Our findings suggest that cytoplasmic localization of Er coactivator PELP1 may play a role in the
tamoxifen resistance. The ability of PELP1 to interact with and modulate the PI3K-AKT
pathways may represent one potential mechanism by which PELP1-cyto cells might have
developed resistance to hormonal treatment. Altered localization of the ER coactivator PELP1,
which has the potential to stimulate nongenomic ER functions, may alter the ratio of genomic
and nongenomic signaling in breast cancer cell and thus might promote hormonal
independence by modulating ER-transactivating functions and SERM actions. Since PELP1
expression is deregulated in breast cancer, alteration in the localization of PELP1 is expected to
contribute towards the excessive activation of the MAPK and PI3K-AKT pathways, leading to
follow-up modifications of ER and other coregulators phosphorylation. Collectively, the findings
from this study suggested that cytoplasmic localization of PELP1 promotes ligand-mediated
enhanced MAPK activation and that constitutive activation of the PI3K-AKT pathway can
phosphorylate ER. The ability of PELP1 to activate the MAPK and AKT signaling pathways, its
potential to enhance tamoxifen resistance, and its distinct localization in a subset of breast
tumors suggest that PELP1 plays a role in the biology of a subset of breast cancers and that its
deregulation might contribute to hormonal independence.
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from the statt of TAM treatment, was significently prolonzed in the
trastuzurmab-treated tumors {(M=146 days) compared to gefitinib-treated
cemors (=98 days) Combining gefitinib and trastuzamab did not further
increase numor regression, but may further delay the onset of resistance,
since median fme to resistance has not yet been reached in this group
{8133 days), Interestingly,
phosphorylated {(active) ERK1/2 showed that the high levels induced
by E2 and maintained by TAM are markedly decreased by gefitinib bat
not by trastuzumab, gven wn regressing tumoes in the TAM group. This
obscrvation suggests that trastuzumab’s effect on tambxifen sensitivity
in this xenograft model does not oceur via the ERK1/2 pathway.
Together, oue results sugpest thet gefitinib and trastuzumab modudate
the growth of HERZ-overexpressing breast tumors through distinot
mechanisms and that combining such agents, in combination with ER-
targeted therapy is o valld strategy to test in the clinic. {*lressa’ is a
trademark of the AstraZeneca group of companies.]
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Molecular dass:ircatmn of mmmnfemresponswe and ~resistant
breast carcinomas by gene expression profiling.

Jansen M, Foekens J, Van Staveren I, Dirkzwager-Kiel M, Look M,

Meljer-Van Gelder M, Dorssers L, Klijn J, Berns E. JNI, Rotterdam, ZH,
Netherlonds . .

Background: Anti-estrogen resistance s one of the major challenges in
the treatment of breast cancer. Approximately half of thes patients
with advanced disease does not fespond to tamoxifen, whereas in those
who respond the umor ultimately becomes resistant. We aim to assess
whether high-throughput gene expression ptommg can lead to the
discovery of a new set of markers For therapy reststace that may be
predicrive for the type of response to anti-estrogen teeatment,
Material and Methods: The study was performed on a series of 70
ER-positive primary breast cancer samples from patients with advanced
disease that showed the extreme types of response {objective response,
n=30, versus progressive disease, n=40, from start of treatment). None
of the patients recsived adjuvant systemic tamoxifen therapy. The
main clinioal endpoint of the study is the measurable effect of this
endocring therapy on tumor size and on time wntil tumor progression,
RNA from these beeast tumor samples and pool of control cell-lines
was isolated and ampiified and co-hybridized to ¢cDNA micro-actays,
containing 18,500 transcripts in the human genome, produced by the
NKUVAvL Micro-Array Facility (http://microarrays.aki.ab). After
rormalization, per sub grid, and a spot quatity check, 3600 poientiatly
ezlevant genes. were selected,

Ruesults: Using o training set of 50 tumors and two distinct bio-
informatics tools (Spotfire and BRB, bttpi/finus.nei.nih.gov/BRB-Armay
Tools.html) and a leave-one out approach, a set of 143 overlapping
genus was found to be differentially sxpressed (P<0.01) between
tamoxifensresponsive and -resistant breast tumor sampits Using this
gene-sat, the cases clustered into two major cluster branches. This 143-
gens-set predicted correctly the outcome of response to tamoxifen
treatment 1n 82% of the cases {(with a specificity of 84% and a
sgnsitivity of 80%). This set includes gene associasted with celt
profiferation {s.g. CFP1), signal transduction {e.g.. PTHR1), RNA andf
or DNA binding activity (e.g. NSAP] and TCFLI), extraceliular matrix

(t.g. Osteonectin) and protein serine-threonine kinases {e.g, PCT).

Using an add 3 more gene analysis, the classifier set could be optimized
and was reduced o 40 genes which correctly predicred the outcome for
§6% of the training-cases. This 40-genc predictive set was then used in

an independent test set of 15 tamoxifea resistaat tumors, and correctly
predicted the outcome of treatiment resistoace in 80% of the cases
validated. This predictive gene set is currently validuted in a larger set
of breast tumors.

. N . . P
Diseussion: Our data suggsst that gene sxpression profiling can 63

used to discriminate between breast cancer patieats with an objective
response (o rmmoxifen or patients with progressive disease. Further
validetion studies will prove whether this genz-set sllows for the
fdentification of the individual patient who could benefit or fail EQ:m
(adjuvant) tamoxifen th»‘mpv

[,

immunohistochemical analysis of

C tuemors and an insre

. Methods:

. We hypothesized that eombinations of “unfavorable™ phase 1

L
i
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Potential involvement of PELPU/MINAR in tamoxifen resistance.
Balasenthil S, Broaddus R, Kumar R, Gustafsson J-4, Vadlamudi RX
UT MD dnderson Cancer Center, Houston, TX; Karolinska Institute,
Huddinge, Sweden

Background: Selective estrogen receptor modulators (SERMs) inchuding
Tamaoxifen are oftectively used to ratard the progression of hormone-
dependent breast fumors to more invasive phenotypes. Howgver such
therapies have been closely linked with an acquired resistance in breast
ssed incidence of endometrial cancer. The wolecular
basis of tamoxifen-resistance of breast cancer and -associated

. endometrial cancer remains elusive, In the present study, we tested the

hypothesis that the recently discovered novel ER-regulatory protein
proline ghitamic acid leucine rich protein (PELPI, also referred to as
MNAR, modutator of nongenomic activisy of sstragen receptor), with

" functions in both nuclear and cytoplusmic cnmpmxmems plays any
role in the action of tamoxifen

To test the above hypothesis, we used ER-positive breast
cancer cells with or without PELP1 deregulation, or sensitive or resisant
to tathoxifen, and endometrial cancer cells. Sensitivity to estrogen and
tamoxifen was determined by using repotter gene assays and protein,
confogal and siRNA based biochemical and biological methods., The
signtficance of these findings was established by PELP] analysis in
normat and cancerous endoinetrivin tissues. .

Results: Tamoxifen-sensitive and -resistant cells expressed similar
fevels of PELP! but exhibited distinct subcellular lovalizativn in
tamoxifen resistant cells. PELP deregulation led to a potentiation of
agonist activity of tamoxifen in endometrial cancer cells, Expression
of PELP! mutaat deficient in activation domain or PELPL SIRNA
effectively blocked tamoxifen mediuted agonist respoases. Deregulation
of PELPI ‘expression wis observed in both breast and endometrial
tumors, Immunohistological examination of PELPL in tumors revéaled

‘its predominant {ocalization in the cytoplasm as opposed to nuclear

focalization in the normal tissues.

Discussion: Our results suggest that altered localization of PELPY/
MNAR, which could alsp activate aongenomic signaling, may be
associated with tamoxifen resistance. Since PELPL sxpression is
deregulated in hormonal tumors amd because PELPL modulates SERM
action, we will discuss results implying a role of PELPI/AMNAR in
hormene resistance. {This work wus supported by Department of
Army Grant BC023843)
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Drag metabolizing enzyme pelymorphisms and outcome in
node-positive breast cancer patients: differential impact of
glutathione-S-iransferase subtypes.

DeMichele A, Aplenc R, Botbyl J, Gor P, Foulkes A, Stadtinaver E,
Rebbeck T. Unjversity of Pennsylvania, Philadeiphia, PA

Background The efficacy of adjuvant »hemotfnmpy for breast cancer

«.may depend, in part, on individual differences in drug metabolizing

enzymues {(DMES) | reflecting the balance of phase 1 (amwat:mc} DiAEs
and phase I {detoxifying) DMEs. Polymorphisms in genes encoding
cytochrome p430 {CYP) enzymes may increase activation of some
ehemmhe,mpeutics (CYP 3Ad4_*tA/MIA or CYP3IAS */1
*{avorable” phase 1 DME genotypes) while others may impair activation
(CYP3IA4_*1B oy CYP JAS _*3; “unfavorable™ phase I DME
genotypes), Meanwhile, improved outcome may be seesn with
homozygous nuil deletions of the glutathiona-S-transferase (GST) genes
woand 8 {G3TM1 and GSTTL) or point mutations in GST-p (GSTPL;
“favorabie™ phase [I DME genotypes) due to their inhibition of drug
metabolism leading to a prolonged halfulife of resctive oxygen species,
angd phase
1 DME genotypes would fmpact recurrence of breast ¢ancer among

§] ratients receiving adjuvant chemotherapy, Materinl and Methods:

“We tested this hypothesis by examining cyp3A4/3A% and GSTMI,
*GSTT! and GSTPI polymorphisms in a cohort of 80 women with
iymph-node positive breast cancer who received high-dose

" cyclophasphamide (1560mg/m?) and thiotepa (200mg/m2} in addinéon

to standard anthracycline-based adjuvant chemotherapy. Genotypes
were obtaingd from subject stem cells using PCR-based methods. We
evaluated disease-free sucvival (DFS) by genotype {individually and in
combination} using Kaplan-Meier and Cox proportional hazards models.
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ABSTRACT

It is increasingly accepted that steroidal receptor coregulators may also function in the
cytoplasmic compartment. PELP1 (Proline-, glutamic acid-, and leucine-rich protein-1) is a
novel coregulator, which plays a role in both the genomic and extranuclear actions of
estrogen receptors (ER) in hormonally responsive tissues. In this study using breast tuamor
arrays, we found PELP1 was localized only in the cytoplasm in 58% éf the PELP1-positive
breast tumors. To help explain the significance of the cytoplasmic localization of PELP1 in
human breast tumors, we created a mutant protein that was expressed only in the
cytoplasm (PELP1-cyto) and then generated a model system wherein MCF-7 breast cancer
éells were engineered to specifically express this mutant. We found that PELP1-cyto cells
were hypersensitive to estrogen but resistant to tamoxifen. PELP1-cyto cells, but not
parental MCF-7 cells, formed xenograft tumors in nude mice. In addition, PELP1-cyto
cells exhibited increased association of PELP1 with Src, enhanced mitogen-activated
protein kinase (MAPK) acﬁvation, and constitutive activation of AKT. The altered
localization of PELP1 was sufficient to trigger PELP1's interaction with the p85 subunit of
phosphatidylinositol-3-kinase (PI3K), leading to PI3K activation. In addition, PELP1
interacted with epidermal growth factor receptors and participated in growth factor-
mediated ER transactivation functions. Our results suggest that the altered localization of
PELP1 modulates sensitivity to antiestrogens, potentiates tumorigenicity, presumably via

the stimulation of extranuclear estrogen responses such as the activation of MAPK and

AKT, and also enhance cross-regulation of ER transactivation activity by growth factors.




Introduction

The estrogen receptor (ER), a ligand-dependent transcription factor that modulates the
transcription of a number of genes and contributes to genomic responses, has been implicated in
the progression of breast cancer, and this is borne out by the finding that about 60-70% of breast
tumors are ER-positive at presentation (1, 2). Although antiestrogens and selective estrogen
receptor modulators (SERMs) are effective in curbing the progression of ER-positive breast
tumors to more invasive phenotypes (3), many patients with metastatic breast tumors eventually
become resistant to this treatment (4). Several mechanisms have been proposed to explain this
resistance to hormonal therapy, including the expression of variant or mutant ER, the ligand-
independent activation of ER, the adaptation of tumors to lower concentrations of estrogen, and |
pharmacological alterations (4, 5). Emerging data also suggest that ER coregulators play a role in
hormonal responsiveness and tumor progression (6, 7). However, the causes of ER coregulator-
linked resistance to hormonal therapy and ways to interfere with this phenomenon remain
elusive.

The answer may be in the fact that, in addition to its well-studied nuclear functions, ER also
participates in cytoplasmic and membrane-médiated signaling events (nongenomic signaling; 8,
9). Such nongenomic signaling has been linked to rapid responses to estrogen and generalIy
involves the stimulation of the Src kinase, mitogen-activated protein kinase (MAPK),
phosphatidylinositol-3-kinase (PI3K), and protein kinase C pathways in the cytosol (10, 11).
Further, ER-activated nongenomic pathways have been shown to modify ER or its coactivators
by phosphorylation, resulting in the altered topology of ER and its coregulator proteins and

eventually leading to ligand-independent activation or differential responses to SERMs (9, 12).




Other factors irﬁplicated in the development and progression of breast cancer are, deregulated
epidermal growth factor receptor (EGFR) signaling, and the constitutive activation of cytosolic
pathways (MAPK; PI3K; AKT) (13). Now there is also emerging evidence that resistance to
endocrine therapies may stem from complex interactions between ER and EGFR signaling

components (14). The phosphorylation of ER and its associated coregulatory proteins has been
suggested as one such mechanism by which growth factor signaling contributes to hormonal
resistance (15). However, very little is known about the molecular mechanisms that lead to
EGFR-ER crosstalk and the molecular adaptors that facilitate EGFR-ER signaling crosstalk.

PELP1 (proline-, glutamic acid-, and leucine-rich protein-1) / modulator of nongenomic
activity of estrogen receptor (MNAR) is a novel ER coactivator (16) plays an important role in
the genomic (17), nongenomic actions of ER (18) and promotes cell proliferation by sensitizing
cells to G1>S progression (19). PELP1 expression is up regulated by estradiol (E2)-ER signaling
and differentially modulated by SERMs (20). PELP1 is widely deregulated in hormone-
responsive cancers including breast and endometrial cancers (16, 21). Although PELP1 is
predominantly localized in the nucleus in hormonally responsive tissues (16, 17), recent studies
have suggestedlthat under certain conditions, PELP1/MNAR could be exclusively localized in
the cytoplasm of cancer cells (21). However, the functional impiications of the localization of
PELPI are unknown. Therefore in the present study, we investigated the localization and
functional consequences of PELP1 in human breast tumor specimens. We found that, PELP1
was localized in the cytoplasm only in 58% of PELP1-positive tumors. To mimic this situation in
order to gain further insight into the functional consequences of this event, we generated a novel
MCF-7 model cell line to speciﬁcélly express PELP1 in the cytoplasm. We found that the

cytoplasmic localization of PELP1 made these cells, hypersensitive to estrogen but resistant to




SERMs and promoted tumorigenesis in nude mice. Our findings suggest that the altered
localization of the ER coactivator PELP1 might lead to the excessive stimulation of cytosolic
signaling pathways, thereby causing hormonal independence and increasing tumorigenic

potential of breast cancer cells.

Materials and Methods

Cell Cultures and Reagents. MCF-7, HeLa and COS-1 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM)-F12 (1:1) supplemented with 10% fetal calf serum.
Antibodies against vinculin, actin and the steroid hormone 17B-estradiol were purchased from
Sigma Chemical Co. (St. Louis, MO). Antibodies against ER @ and the phospho-tyrosine (pY20)
were purchased from Lab Vision (Fremont, CA). Anti-T7-epitope antibody was purchased from
Novagen (Milwaukee, WI). Antibodies against AKT, phospho-AKT, MAPK, phospho-MAPK,
Phospho-Src Tyr 416 and phospho-ER-Ser 167, ER-Ser 118 were purchased from Cell Signaling
(Beverly, MA). Antibody for Src and specific Src kinase inhibitor PP2 was purchased from
Calbiochem (La Jolla, CA). Antibodies for EGFR were purchased from SantaCruz
Biotechnology (SantaCruz, CA). Charcoal-stripped serum (DCC serum), ICI 182,780, and

1LY294002 were purchased from Sigma Chemical Co.

Human Samples and Tumor Array Staining. Tissue sample from patients who had
undergone routine surgery for breast cancer were snap frozen in liquid nitrogen and stored at
—80°C in the M.D. Anderson Breast Core Pathology Laboratory. Paraffin-embedded archival
breast tissue specimen array was obtaine(i from the pathology core at The University of Texas M.
D. Anderson Cancer Center. The utilization of human tissue samples and array used in this study

was approved by M.D. Anderson Cancer Center institutional human research committee. All




tissue classifications were verified by light microscopic examination of H&E stained slides by a
breast pathologist (AAS). For immunohistochemical detection of PELP1 sections were
deparaffinized with xylene and rehydrated using graded ethanol. The tumor array section was
boiled for 10 minutes in 0.01 M citrate buffer and cooled for 30 minutes at room temperature to
expose antigenic epitopes. The tumor array was blocked with 2% normal goat serum in 1%
bovine serum albumin, PBS for 30 minutes. The tumor array section was incubated with
polyclonal rabbit antihuman-PELP1 antiserum at a dilution of 1:500 and incubated overnight at
room temperature. PELP1 antibody was developed in our laboratory, well characterized, and
used in immunohistochemistry in earlier published studies (16, 21). The sections were washed
three times with 0.05% Tween in PBS for 10 minutes, incubated with secbndary antibody for 1
hour, and washed three times with 0.05% Tween in PBS for 10 minutes, developed with DAB-
H,0,, and then counter-stained with Mayer's hematoxylin. Negative controls were performed by
replacing the primary antibody with control rabbit IgG or peptide absorbed PELP1 antibody. The
finding that no cells or less than 10% of cells immunoreactive was considered as a negative and

the finding that more than 10% of the cells were immunoreactive was considered positive.

Generation of PELP1-cyto Cells. PELP1 cytoplasmic mutant (PELP1-cyto) lacking nuclear
localization signal was generated using a Quick Change kit (Stratagene, La Jolla, CA) by
mutating PELP1 aa 495KKIL.K498 to EELE using T7-tagged wild type PELP1 as a template. The
sequence of the primer used for mutagenesis was 5’-cctagcgcccccgaggagetagagetggatgtg-3°.
MCEF-7 cells stably expressing PELP1-cyto were generated by transfecting PELP1-cyto using
FuGENE-6 transfection reagent (Roche Molecular Biochemicals, Indianapolis, IN). Stable clones

were selected using G418 selection (1 mg/ml).




Tissue and Cell Extracts, Immunoblotting, Immunoprecipitation, Kinase Assays. Tissue
and cell lysates were prepared using Triton X100 buffer (50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 0.5% Triton X100, 1X protease inhibitor mixture, 1 mM sodium vanadate) for 15 minutes
on ice. The lysates were centrifuged in an Eppendorf centrifuge at 4° C for 15 minutes. Cell
lysates containing equal amounts of protein (~200 pg) were resolved on SDS-polyacrylamide
gels (8% acrylamide), transferred to nitrocellulose membranes, probed with the appropriate
antibodies, and developed using either the enhanced chemiluminescence method (ECL) or the
alkaline phosphatase-based color reaction method. Immunoprecipitation was performed for 2
hours at 4°C using 1ug of antibody per milligram of protein. For PI3K assay, cell lysates (1 mg)
were immunoprecipitated with anti-phosphotyrosine mAb PY20 (Labvision) and subjected to in
vitro kinase reaction in 50 pl of kinase buffer containing 0.2 mg/ml phosphatidylinositol (Sigma)
and 20 pCi of [y-*P] ATP and 20 mM MgCI2. The reaction products were separated on thin
layer chromatography plates using chloroform: methanol: ammonium hydroxide: water

(87:76:10:14) buffer and visualized by autoradiography.

Cell Proliferation, Soft-Agar, and Tumorigenesis Assays. For the cell proliferation assays,
cells were grown in phenol red-free medium supplemented with 5% DCC serum for 48 hours,
and then estrogen or tamoxifen was added. The proliferation rate of the cells was measured by
counting them in a Beckman Coulter Counter as previously described (19). Soft-agar colony-
growth assays were performed as previously described (22). Briefly, 1 ml of 0.6% DIFCO agar
in DMEM supplemented with 5% DCC serum and insulin was layered onto tissue culture plates.
Test cells (1x 10*) mixed with 1 ml of 0.36% bactoagar solution in DMEM were layered on top
of the 0.6% bactoagar layer. The plates were incubated at 37°C in 5% CO, for 21 days. For

tumorigenesis studies, 5 x 107 cells were implanted subcutaneously into the mammary fat pads of




8 nude mice as previously described (23) and allowed to grow for 8 weeks. Tumor size was then

measured.

Reporter Gene Assay. For reporter gene transient transfections, COS-1 cells were cultured
for 48 hours in minimal essential medium without phenol red-containing 5% DCC serum. ERE-
luciferase reporter constructs were cotransfected with ER along with or with out pcDNA vector,
PELPI1-WT or PELP1-cyto expression plasmids using FuGENE-6 according to the
manufacturer's instructions. Twenty-four hours later, cells were treated with EGF for 12 h. Cells
were then lysed with passive lysis buffer, and the luc.iferase assay was performed using a
luciferase reporter assay kit (Promega). The total amount of DNA used in the transfections was
kept constant by adding a parental vector. Each transfection was carried out in six-well plates in

triplicate wells.

" Immunofluorescence and Confocal Microscopy. The cellular localization of PELP1 was

determined using indirect immunofluorescence as described previously (17).

Statistical Analysis. Statistical analysis was done using Student's # test, and values with

p<0.05 were considered statistically significant

Results

PELP1 Localization is altered in a Subset of Breast Tumors. To examine the
localization of PELP] in human breast tumors, we stained 62 breast tumor specimens using a
well-characterized PELP1 antibody (16, 21; Fig. 14). The staining intensity was scdred in both
nuclear and cytoplasmic compartments. Normal breast epithelium (n=8) was used as a control.
All normal breast epithelium stained positively; PELP1 staining was strong in the nucleus and

modest in the cytoplasm. In tumors, however, PELP1 staining intensity and localization was




variable. PELP1 staining was observed in 38 (61%) of the 62 analyzed tumors. In 22 (58%) of
the 38 PELP1-positive tumors, PELP1 was localized in the cytoplasm only; in one tumor (3%),
intense nuclear staining was observed, and in 15 tumors (39%), both nuclear and cytoplasmic
staining were observed (Table 1). We then correlated the expression and localization of PELP1
with the clinical ER status of these tumors. ER staining was present in 19 (50%) of 38 PELP1-
positive tumors. ER expression was observed in the one tumor that showed nuclear PELP1
expression, in 8 of 22 (36%) cytoplasmic PELP1-expressing tumors, and in 10 of 15 (66.6%)
nuclear and cytoplasmic PELP1-expressing tumors. These results suggest that in a subset of
breast tumors, PELP1 is localized in the cytoplasm only and that a substantial number of breast

tumors coexpress of PELP1 and ER.

Generation of PELP1-cyto Model Cells. To examine the functional consequences of the
cytoplasmic localization of PELP1, we next generated a mutant of PELP1 (PELP1-cyto) in
which the nuclear localization signal was mutated from KKLK to EELE (Fig. 1B). Preliminary
analysis using confocal microscopy showed that PELP1-cyto was predominantly localized in the
cytosol. Using this construct, we generated MCF-7 cells that stably expressed PELP1-cyto. To
avoid potential clonal variations, we developed two pooled clones. Western blotting showed
expression of T7-tagged PELP1-cyto in these clones (Fig. 1C). We used a previously
characterized wild-type PELP1 (PELP1-WT) pooled clone as the control (19). Confocal
scanning analysis showed that PELP1-cyto was localized to the cytoplasm while PELP1-WT was
localized to the nucleus, as expected (Fig. 1D). To examine whether the cytoplasmic PELP1
observed in the tumors corresponded to the full-length PELP1, we performed Western blot
analysis of the lysates of the tumors that expressed PELP1 in the cytoplasm> only. Lysates from

MCEF-7 cells expressing both PELP1-WT and PELP1-cyto were used as controls. Results showed




that PELP1 isolated from lysates of the tumors that exclusively expressed PELP1 in the
cytoplasm migrated in a similar fashion as PELP1-WT and PELP1-cyto that were expressed in
MCF-7 cells (Fig. 1E). These findings suggest that PELP1 expressed in the cytoplasm of tumors

represents the full-length PELPI.

Cytoplasmic Retention Enhances PELP1 Interactions with Src Kinase. Recent
studies have shown that in addition to its suggested nuclear functions (17), PELP1 participates in
nongenomic signaling activities, such as activation of Src (18, 24). Therefore, we examined
whether the localization of PELP1 to the cytoplasmic compartment, a physiologic situation
existing in a subset of breast tumors, promotes PELP1 interaction with Src. Results from
confocal microscopy showed that a substantial amount of PELP1 was localized in the nuclear
compartment of PELP1-WT-expressing cells and that E2 treatment stimulated colocalization of
PELP1 with Src at the membrane in some cells (Fig. 24, top panels). In contrast, in PELP1-
cyto-expressing cells, E2 treatment promoted substantial colocalization of PELP1-cyto with Src
both at the membrane and in the cytoplasm (Fig. 24, bottom panels). Another study found that
PELP1 interaction with Src promotes Src activation (24); this raised the possibility that the
cytoplasmic localization of PELP1 might provide an opportunity for PELP1 to interact with Src,
thereby leading to enhanced Src kinase activation. To test whether that PELP1-cyto interacts
with Src kinase, immunbprecipitation was performed by using total cellular lysates from
pcDNA- and PELP1-cyto-expressing cells. Results showed that PELP1-cyto interacts with Src
kinase (Fig. 2B, left panel). To confirm that overexpression of PELP1-cyto activates Src kinase,
we performed Western blotting with a phospho-specific antibody (phospho-Src Tyr 416) that
recognizes activated Src kinase. This showed that PELP1-cyto-expressing cells increased the

activation of Src kinase compared with pcDNA-expressing clones (Fig. 2B, right panel). These
N
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findings suggest that PELP1 cytolocalization promotes PELP1 interaction with Src kinase. Since
PELP1-WT functions as a scaffolding protein for the coupling of ER with Src kinase, we then
investigated whether PELP1-cyto also interacts with ER. The immunoprecipitation of PELP1-

cyto showed that PELP1-cyto could interact with ER (Fig. 2C).

Cytoplasmic Retention of PELP1 Promotes Activation of the MAPK Pathway. Next we
examined whether the interaction we observed between PELP1 and Src in the PELP1-cyto
expressing clones leads to the functional activation of MAPK, a well-established downstream
endpoint of ER nongenomic signaling (10, 11). Western blot analysis of cells grown in 5%
serum revealed that PELP1-WT and PELP1-cyto-expressing cells showed increased activation of
the MAPK pathway compared with pcDNA-expressing clones. However, the PELP1-cyto-
expressing clones exhibited significantly more MAPK activation than did the PELP1-WT clones
(Fig. 2D). When these clones were cultured in DCC serum, the PELP1-cyto-expressing clones
exhibited increased basal MAPK activity compared with pcDNA-vector-overexpressing clones,
and E2 treatment substantially enhanced MAPK activation in PELP1-cyto clones (Fig. 2E).
PELPI1-cyto-expressing cells also showed greater MAPK activity in response to tamoxifen
treatment than did pcDNA-expressing clones (Fig. 2F). To confirm that the increased MAPK
activation seen in PELP1-cyto clones was due to PELP1-cyto interactions with Src kinase, we
pretreated cells with PP2, a specific Src kinase inhibitor. PP2 reduced the basal as well as E2-
induced MAPK activation seen in the PELP1-cyto clones (Fig. 2G). These results suggests that
PELP1 cytoplasmic localization enhances MAPK activation via its interactions with Src kinase.
Since MAPK activation has been shown to phosphorylate ER on Ser-118, we then examined

whether ER was phosphorylated on ER-Ser 118 in the PELP1-cyto clones. Western blot analysis
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of cells grown in 5% serum revealed that PELP1-cyto-expressing clones showed increased ER-

Ser118 phosphorylation compared with pcDNA-expressing clones (Fig. 2H)

Cytoplasmic Retention of PELP1 Promotes Constitutive Activation of the AKT
Pathway. Since the activation of PI3K is another recognized nongenomic signaling activator of
ER (13), we examined the functionality of PI3K signaling in PELP1-cyto clones by using
phospho-AKT as a downstream marker of this pathway. Interestingly, PELP1-cyto clones
showed excessive constitutive activation of the AKT pathway that could not be further induced
by E2 treatment (Fig. 34). Because the AKT pathway has also been shown to promote tamoxifen
resistance (25), we examined the status of the AKT pathway in PELP1-cyto clones after treating
the clones with tamoxifen. PELP1-cyto-expressing cells showed increased AKT activity
compared with pcDNA-expressin;gy clones (Fig. 3B), and the status of already elevated levels of
AKT in PELP1-cyto clones was not affected by tamoxifen. Our finding that PELP1-cyto clones
exhibit significant constitutive stimulation of the AKT pathway even in the absence of E2
treatment raised the possibility that PELP1 activation of the AKT pathway might be independent
of PELP1’s ability to interact with ER. To examine this possibility, we treated pcDNA and
PELP1-cyto clones with the antiestrogen ICI 182, 780 for 3 days to down regulate ER expression
and activity. The ICI 182, 780 did not affect the levels of constitutive AKT stimulation observed
in the PELP1-cyto clones (Fig. 3C), suggesting that the increased activation seen in the PELP1-
cyto clones is independent of ER. We then examined the possibility that increased AKT was due
to the activation of PI3K, an upstream activator of AKT. Treatment of PELP1-cyto clones with
LY294002, a widely used inhibitor of PI3K, blocked the constitutive activation of AKT (Fig.
3D). These findings suggested that the cytoplasmic localization of PELP1 might activate PI3K,

thereby contributing to enhanced AKT signaling.
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PELP1 Interacts with the P85 Subunit of PI3K. Analysis of the motif scan
(http://scansite.mit.edu) of the PELP1 amino acid sequence revealed that PELP1 contains two
potential p85-SH3 model 1 sites (HPPNRSAPHLPGLMC; PSPFRAPPFHPPGPM) and one
potential p85-SH3 model 2 site (QTGKPSAPKKLKLDV). Therefore, we examined whether
PELPI1 directly interacts with the p85 subunit of PI3K and whether the observed altered PELP1
localizatibn facilitates constitutive interaction of PI3K. Immunoprecipitation of pcDNA and
PELP1-cyto lysates with antibodies p85 and> T7 showed that PELP1-cyto interacts with the p85
subunit of PI3K (Fig. 3E). Immunoprecipitation and in vitro PI3K assays also confirmed the
constitutive activation of the PI3K pathway in the PELP1-cyto clones (Fig. 3F). Western blot
analysis of PELP1-WT clones also revealed mild activation of AKT; however the activation was
significantly lower than the magnitude of AKT activation seen in PELP1-cyto clones (Fig. 3G).
Since AKT activation has been shown to phosphorylate ER on Ser-167, we examined whether
ER was phosphorylated in the PELP1-cyto clones. Western blotting using a phospho-specific
antibody that recognizes ER Ser-167 confirmed that ER was constitutively phosphorylated on
Ser-167 in PELP1-cyto clones (Fig. 3H). Collectively, these findings suggested that cytoplasmic

localization of PELP1 promotes constitutive activation of the PI3K-AKT pathway, which can

phosphorylate ER.

PELP1 associates with Epidermal Growth Factor Receptor. Previous studies have
suggested bidirectional signaling between ER and EGFR pathways and growth factors promotes
ER phosphorylation through the PI3K-AKT pathway (13). Since we observed that PELP1
interacts with PI3K, whose activity is modulated by growth factor signaling, we examined
whether PELP1 interacts with growth factor receptors as well. To determine whether there is

physiological evidence of endogenous PELP1-EGFR interactions, we initially examined this in

13




HeLa cells, which abundantly express EGFR and PELPI1. Hel a cells were treated with EGF, and
the colocalization of PELP1 and EGFR was analyzed by confocal microscopy. Our results
showed that EGF stimulation caused a small portion of PELP1 to associate with membranous
regions, and in some areas, the colocalization of PELP1 with EGFR was observed (Fig. 44, left
panel). We next examined whether PELP1-cyto also interacts with EGFR. Confocal microscopy
examination of EGF treated PELP1-cyto clones re{/ealed colocalization of PELP1-cyto with
EGFR (Fig. 44, right panel). To confirm these results, we performed immunoprecipitation
experiments in COS-1 cells, which were treated with or without EGF. Immunoprecipitation of
EGEFR followed by Western blot analysis with PELP1 confirmed that PELP1 indeed associates

with EGFR upon EGF stimulation (Fig. 4B).

Since EGF has been shown to promote ligand-independent activation of ER transactivation
functions (26, 27), we examined whether PELP1 promotes EGF-mediated ER transactivation
functions by performing estrogen response element (ERE) reporter gene assays using HeLa cells
cotransfected with ER along with or with out pcDNA vector, PELP1-WT or PELP1-cyto
constructs. Results showed that pcDNA transfected clones exhibited 2.3 fold activation of ERE
reporter upon addition of EGF. PELP1 WT transfection modestly enhanced the basal activity of
the ERE reporter, however EGF treatment induced a 3.2 fold induction of ERE reporter gene
activity over untreated control. Interestingly, PELP1-cyto transfection substantially increased the
ERE reporter gene activity in the absence of ligand to a level similar to EGF treated, PELP1-WT
transfected cells and EGF treatment further increased ERE reporter activity in PELP1-cyto
transfected cells (Fig. 4C). Increased basal activity of the ERE reporter in PELP1-cyto
transfected cells could be due to the constitutive activation of AKT pathway seen in the PELP1-

cyto cells. These results suggest that PELP1-WT has a potential to enhance EGF mediated ER
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transactivation functions and mislocalization of PELP1 in the cytoplasm can potentially activate

ER basal activation by excessively coupling EGFR-PI3K signaling pathways.

Growth factor signaling has been shown to modulate coactivator functions by post-
translation modifications (14). Since PELP1 interacted with EGFR and promoted EGF- mediated
ERE transactivation functions, we next examined nvhether EGF stimulation promotes the
phosphorylation of PELP1. COS-1 cells were transfected with T7-tagged PELP1, and after 48
hours, cells were treated with or without EGF. Total lysates were immunoprecipitated with T7-
epitope antibody (Fig. 4D, left panel), and immunoprecipitates were blotted with T7 and
phosphotyrosine antibodies. Results showed that EGF promotes tyrosine phosphorylation of
PELPI1. Similarly, immunoprecipitation of PELP1-cyto from PELP1 stable clones also showed

that EGF promotes tyrosine phosphorylation of PELP1-cyto (Fig. 4D, right panel).

Since PELP1 interacts with ER and promotes E2-mediated nongenomic signaling
pathways, we examined whether E2 can promote the tyrosine phosphorylation of PELP1. MCF-7
cells stably expressing PELP1-WT were treated with or without E2. Immunoprecipitation |
experiments showed that E2 also promoted the tyrosine phosphorylation of PELP1 (Fig. 4E). We
confirmed these results with confocal microscopic analysis. As shown by phosphotyrosine
antibody staining, E2 promoted the membrane localization of PELP1 and its colocalization with
phosphotyrosine (Fig. 4F). These results suggest that both EGF and E2 signaling modulate
PELP1 functions and that the cytoplasmic retention of PELP1 excessively promotes the

interactions of PELP1 with components of the growth factor signaling axis.

PELP1 Cytoplasm Retention Promotes Hormonal Independence. To examine the

effect of the cytoplasmic localization of PELP1 on biological functions, we performed cell
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proliferation and anchorage independence assays. Results showed that PELP1-cyto-expressing
clones were hypersensitive to E2 compared with parental MCF-7- or pcDNA-vector-expressing
clones (Fig. 54). Further, PELP1-cyto clones showed an increased ability to form colonies in an
anchorage-independent manner compared with pcDNA-.expressing cells (Fig. 5B). Since AKT
activation has been shown to promote tamoxifen partial agonist action in breast cancer cells, we
repeated these biological assays in the presence or absence of tamoxifen for 7 days. MCF-7
parental and pcDNA-expressing clones showed a 50% reduction in cell number. Interestingly,
PELP1-cyto-expressing clones showed resistance to tamoxifen, in that the cell number was not
altered (Fig. SC'). In anchorage-independence assays, PELP1-cyto-expressing cells exhibited an
increased ability to form colonies in the presence of tamoxifen compared with parental or
pcDNA clones (Fig. 5D). Consistent with these results, PELP1-cyto clones exhibited
tumorigenic potential in nude mice, and these tumors also exhibited constitutive activation of the
AKT pathway (Fig. 5E). These findings suggest that a close relationship exists between PELP1

cytoplasmic localization, AKT activation, and tumorigenesis.

Discussion

In this study, we observed that the localization of the ER coactivator PELP1 is altered in
a subset of breast tumors. Specifically, model cells that mimic PELP1 localization in tumors, we
observed that the cytoplasmic localization of PELP1 prémotes its interactions with EGFR, Src,
and PI3K, thereby leading to the activationlof the MAPK and AKT pathways. In addition, the
altered localization of PELP1 promoted hypersensitivity to estrogen and anchorage

independence. Our results thus indicate that the ER coactivator PELP1 may contribute to
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tumorigenesis in breast tumors by serving as a molecular adaptor between EGFR-ER pathways
and by promoting excessive crosstalk between these pathways.

The altered localization of the ER coactivator PELP1, which has the potential to stimulate
nbngenomic ER functions (18, 24), may alter the ratio of genomic and nongenomic signaling in
breast cancer cells and thus might promote hormonal independence by modulating ER-
transactiilating functions and SERM actions. As our study and other studies indicate, PELP1
expression is deregulated in breast and endometrial cancers (16, 21); therefore, the altered
localization of PELP]1 is expected to contribute toward the excessive activation of the MAPK
and PI3K-AKT pathways, leading to follow-up modifications of ER. Such modifications of the
ER pathway may lead to the activation of ER target genes in a ligand-independent manner.
Alternatively, the modified ER may allow the recruitment of a different set of coregulator
proteins, and thus may exhibit resistance to hormonal therapy. In our study, the cytoplasmic
localization of PELP1 promoted increased activation of MAPK, leading to enhanced ER-Ser118
phosphorylation. Similarly, these clones also exhibited constitutive activation of the AKT
pathway, which was not further induced by E2. Therefore, the enhanced E2-mediated growth and
anchorage independence seen in these clones is likely to be caused by excessive activation of the
MAPK pathway, while tamoxifen-mediated resistance could be due to the cumulative effect of
the activation of the MAPK and AKT pathways, which leads to the modification of ER and its
associated proteins as well as the activation of downstream pathways by activated MAPK and
AKT.

ER coregulatory proteins have been suggested to play a role in the generally observed
tissue-specific effects of tamoxifen (29, 30). However, these ER coregulators are targeted by

excessive ER-HER?2 crosstalk leading to hormonal resistance in a subset of breast tumors (15).
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High levels of the ER coactivator AIB1 and HER2 in breast cancer contribute to tamoxifen
resistance (31). Our findings that PELP1 interacts with EGFR, and that PELP1 has the ability to
enhance EGF-mediated ER transactivation functions suggest that PELP1 potentiates growth
factor receptor-mediated hormonal resistance in a subset of tumors that have deregulated growth
factor signaling.

Growth factor signaling promotes ER phosphorylation (both Ser and tyrosine; 14, 32).
Recent evidence suggests that ER coactivators; in addition to ER, are targets of growth factor
signaling (33). Growth factor-mediated activation of nongenomic pathways and phosphorylation
of ER and ER-coregulatory proteins have been shown to have a role in tamoxifen resistance (28,
34). Our findings that PELP1 enhances tamoxifen resistance and that EGF promotes the
phosphorylation of PELP1 suggest that possibility that growth factor-mediated posttranslational
modification of PELP1 may play an important role in PELP1-mediated hormonal resistance
functions.

Activation of the PI3K-AKT pathway has been shown to be an essential step in the
estrogenic action of growth factors (35). Previous studies also demonstrated that forced
expression of constitutively active AKT in MCF-7 cells promotes E2-independent growth as well
as tamoxifen response (25). A recent study found that overexpression of the ER coactivator
AIB1 promoted high tumor incidence, which is associated with the activation of the PI3K-AKT
pathway (36). Our findings suggest that cytoplasmic localization of PELP1 plays a role in
tamoxifen resistance and that the ability of PELP1 to modulate the PI3K-AKT pathways may
represent one mechanism by which PELP1-cyto cells develop resistance to hormonal treatment.
Further, our analysis of human breast tissues provided the proof-of-principle that PELP1

localization is altered in a subset of human breast tumors.
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Our results suggest that the cytoplasmic localization of PELP1 may play a role in the
constitutive activation of AKT in tumor cells. Our findings also suggest the existence of a close
relationship between cytoplasmic PELP1 localization and increased nongenomic signaling.
Additionally, our findings suggest that the cytoplasmic localization of PELP1 might be sufficient
to promote tumorigenic phenotypes and hormonal independence. Further, the ability of PELP1-
cyto cells to form tumors in nude mice and the presence of increased AKT signaling in these
tumors also supports the potential role of PELP1 localization in tumorigenesis. Since these
tumors were formed in the absence of estrogen pellet implantation, PELP1-mediated constitutive
activation of the AKT pathway rather than the MAPK pathway might play a role in PELP1-cyto-
mediated in vivo tumorigenic functions. It will be interesting to discover the mechanisms by
which PELP1 localization is altered in pathologic conditions. Since cytoplasmic PELP1 observed
in the tumors migrated in a similar fashion as PELP-WT, it is likely that it represents a full-
length protein and that its deregulation in localization could be because of posttranslational
modifications or mutations that affect its localization to the nuclear compartment. Our future
studies will be directed at identifying the mechanisms of PELP1 deregulation, including possible
posttranslational modifications / mutations in tumors.

In summary, our results suggest that the localization of ER coactivators such as PELP1
could activate nongenomic signals and may play an important role in the hormonal responses of
ER-positive cancer cells (Fig. SF). Furthermore, the ability of PELP1 to activate MAPK and
AKT signaling pathways, its potential to enhance tamoxifen resistance, and its distinct
localization in a subset of breast tumors suggest that PELP1 plays a role in the biology of a

subset of breast cancers and that its deregulation might contribute to hormonal independence.
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FIGURE LEGENDS

Figure 1. Localization of PELP1 in human breast tissues and breast cancer model cells. 4, A
tissue array containing samples of 62 breast tumors was stained with a PELP1 antibody. Three
representative PELP1 localizations (nuclear, cytoplasmic, and nuclear and cytoplasmic) observed
in breast tumors are shown. Magnification, X200. Normal breast tissue was used as a control. B,
Schematic representation of PELP1-cyto construct. C, Total cellular lysates were obtained from
MCF-7 cells or MCF-7 clones stably expressing pcDNA, PELPI-WT, and PELPI-cyto.
Expression of T7-tagged PELP1-cyto was analyzed by Western blotting using anti-T7-epitope
monoclonal antibody (T7-mAb). Vinculin was used as a loading control. D, MCF-7 cells
expressing PELP1-WT or PELP1-cyto were cultured in DCC mediﬁm and fixed in methanol.
The localizétion of T7-tagged PELPI1 in these clones was analyzed by confocal microscopy
using T7 mAb. E, Total lysates obtained from breast tumors or MCF-7 clones that stably express
PELP1-WT and PELP1-cyto were analyzed by Western blotting using PELP1 antibody (fop) and

subsequently reprobed with an actin antibody, which served as a loading control (bottom).

Figure 2. PELPI cytoplasmic retention promotes PELP1-Src kinase interaction and MAPK
activation. 4, MCF-7 cells stably expressing T7-tagged PELP1-WT and PELPl-cyto were
treated with or without E2 (10® M) for 10 min. Cells were fixed, and the colocalization of
PELPI (red) and Src (green) was analyzed by confocal microscopy. Colocalization of PELPI
and Src is indicated by yellow. B, pcDNA- and PELP1-cyto clones were cultured in 5% DCC
serum. Total cellular lysates (2 mg) Wefe subjected to immunoprecipitation using T7 antibody
followed by Western blot analysis with Src antibody (left panel). Total lysate (100 ug) was

analyzed by Western blotting using phospho-Src Tyr 416 antibody (right panel). C, Total

25




cellular lysate (2 mg) from pcDNA or PELP1-cyto clones was subjected to immunoprecipitation
by using T7 antibody followed by Western blot analysis with ERo. antibody. D, MCF-7 clones
expressing pcDNA, PELP1-WT, PELP1-cyto were cultured in 5% serum, and total lysates were
subjected to Western blotting by using phospho-MAPK antibody. Blots were stripped and
reprobed with total MAPK as the loading control. E, F, MCF-7 clones expressing pcDNA or
PELPIl-cyto were treated with E2 (10? M) or tamoxifen (10’ M), and total lysates were
subjected to Western blotting by using a phospho-MAPK antibody. Blots were stripped and
reprobed with total MAPK as the loading control. G, pcDNA and PELP1-cyto clones were
pretreated with Src kinase inhibitor PP2 30 minutes before the addition of E2 (10° M).
Activation status of MAPK pathway was analyzed by Western blotting. H, MCF-7 clones
expressing pcDNA and PELP1-cyto were cultured in 5% serum, and total lysates were subjected

to Western blotting using phospho-ER Ser118 and subsequently reprobed with total ER.

Figure 3. PELP1 cytoplasmic retention promotes PELP1-p85 interaction and constitutive AKT
activation. 4, B, MCF;7 clones expressing pcDNA or PELP1-cyto were treated with E2 (10° M)
or tamoxifen (10 M), and total lysates were subjected to Western blotting by using a phospho-
AKT antibody. Blots were stripped and reprobed with total AKT as a loading control. C,
pcDNA and PELP1-cyto clones were treated with or without ICI 182, 780 for 3 days, and total
lysates were Western blotted with a phospho-AKT antibody. Blot was reprobed with total AKT
and ER antibody. D, pcDNA and PELP1-cyto clones were treated with or without LY294002 for
60 min, and the total cell lysates were immunoblotted with phospho-AKT antibody. E, pcDNA,
and PELPI-cyto cells were cultured in 5% DCC serum, and total cell lysates (2 mg) were

subjected to immunoprecipitation by using an antibody that recognizes the p85 subunit of PI3K
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(top panel), or TT mAb (bottom panel), which recognizes T7-tagged PELP1. F, pcDNA, PELP1-
WT, and PELP1-cyto clones were cultured in 5% DCC serum, and total lysates were subjected to
immunoprecipitation by using anti-tyrosine mAb PY-20 followed by in vitro PI3K assay. G,
MCF-7 clones expressing pcDNA, PELP1-WT, PELP1-cyto were cultured in 5% DCC serum,
and total lysates were subjected to Western blotting using phospho-AKT followed by total AKT
as the loading control. H, pcDNA or PELPI-cyto clones were cultured in 5% DCC serum and
total lysates were subjected to Western blotting using phospho-ER Ser-167 antibody and

reprobed with total ER as the loading control.

Figure 4. PELP] interacts with EGFR and promotes EGF-mediated ligand-independent ER
transactivation functions. A4, HeLa cells were treated with EGF (50 ng/ml). The cells were then
ﬁxed‘ and costained with antibodies against PELP1 (green) and EGFR (red). The images were
analyzed by confocal microscopy. Arrows point to the area of colocalization (yellow) of PELP1
and EGFR (left panel). PELP1-cyto cells were treated with EGF (50 ng/ml). Cells were stained
with antibodies against T7}-tag (to detect T7-tagged PELP1-cyto, green color) and EGFR (red).
(right panel). A small portion of the image showing the colocalization (yellow) was enlarged and
shown in the side panels B, COS-1 cells were serum starved for 24 h, and treated with or without
EGF. EGFR was immunoprecipitated by using an EGFR antibody; and the presence of PELP1 in
the immunoprecipitates was analyzed by Western blotting by using an anti-PELP1 antibody. C,
HeLa cells were cotransfected with ER and ERE-luc reporter gene along with pcDNA or PELP1-
WT or PELP1-cyto. After 48 h, cells were stimulated with EGF for 12 h and ERE-luc reporter
activity was measured. D, COS-1 cells were transfected with T7-tagged PELP1-WT and after 72

h, treated with or without EGF. Total lysates were immunoprecipitated with T7-epitope specific
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antibody and blotted with phosphotyrosine and T7 antibodies (left panel). MCF-7 cells that
stably express T7-tagged PELP1-cyto were treated with or without EGF, aﬁd T7-PELP1-cyto
was immunoprecipitated, followed by Western blotting with the phosphotyrosine antibody (right
panel). E; MCF-7 cells that stably express T7-tagged PELP1-WT were treated with or without
E2 for indicated periods of time and T7-PELP1 was immunoprecipitated; this was followed by
Western blotting with the phosphotyrosine antibody. F, MCF-7 cells that stably express T7-
tagged PELP1-WT were treated with or without E2, and colocalization of PELP1 (green) and
phosphotyrosine (red) was analyzed by confocal microscopy. Arrow point to the areas of

colocalization of PELP1 and phosphotyrosine at the membrane.

Figure 5. PELP1 deregulation promotes hormonal resistance and tumorigenesis. 4, C, pcDNA-
and PELPI1-cyto-expressing clones were cultured in 5% DCC serum for 48 hours and treated
with or without (4) E2 (10'9 M) or (C) tamoxifen (10'8 M) for 7 days, and the cell number was
determined. B, D, The anchorage-independent growth potential of pcDNA- and PELP1-cyto-
expressing clones was measured by the ability of the cells to form colonies on soft agar. Cells
were treated with either (B) E2 (10° M) or (D) tamoxifen (10 M), and colonies were counted
after 21 days. Similar results were obtained in three independent experiments. Error bars
represent standard error of mean. **, p<0.01; ***, p<0.001; NS. Nonsignificant (Student’s f test).
E, Nude mice were injected in the mammary fat pad with 5 X 10’ MCF-7 cells that stably
express either pcDNA or PELPl-cyto, and tumor growth was measured after 8 weeks.
Morphology of tumor was evaluated by hematoxylin-eosin staining, and activation of AKT
pathway in the tumors was confirmed by immunohistochemistry with a phospho-AKT antibody.

F, Model for PELP1 regulation of ER functions. Cytoplasmic localization of PELP1 promotes its
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interactions with EGFR, Src kinase and PI3K, thus leading to the activation of nongenomic
pathways including MAPK and AKT. Such excessive activation of nongenomic pathways
promotes hypersensitivity and tamoxifen resistance, which could in part be due to the
modification of ER phosphorylation. PELP1 serves as an adaptor protein because it interacts
with growth factor receptors, signaling kinases, and nuclear receptors, its deregulation may

perturb ER signaling network toward tumorigenesis.
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Table 1. Summary of the immunoreactive staining of PELP1 in breast tumors

No staining Positive Nuclear Cytoplasmic Nuclear and
staining staining staining cytoplasmic
staining
38.7% (24/62) | 61.3% (38/62) 57.9% (22/38) | 39.5% (15/38)

2.63% (1/38)
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